Abstract. The turbulent transportation and thermophoretic deposition of micron-sized particles ranging from 1-20 µm are studied by direct numerical simulation of a horizontal turbulent rectangular channel flow in this paper. Present research on thermophoretic deposition mainly focused on the sub-micron particles, whereas the particle size usually exceeds this range during radioaerosol monitoring. If a coolant leakage takes place in the primary loop, there will be a huge temperature gradient between the air and the wall, which leads to thermophoretic deposition. A temperature gradient of 1700 K/m is set between the hot and cold walls. Simulation results show that thermophoresis plays an important role in aerosol deposition which depends on particle size. It is found that deposition of 1 µm particles on the cold wall is almost 15 times more than that on the hot wall. With the increasing of particle size, the difference of thermophoretic deposition between the two walls decreases. In this paper, 10% particles per second are deposited by thermophoresis, which concludes that thermophoretic deposition should be considered and adjusted according to particle size during aerosol transportation where large temperature gradient exists.
Introduction
Due to increasingly severe energy crisis and global environment problems, nuclear power has been developed quickly in recent years. China is also facing an important mission to adjust energy structure. So far the ratio of nuclear power has been 2.68% among the energy structure in China. Safety is the primary consideration when developing nuclear power. There are three significant accidents in nuclear power development: the Three Mile Island disaster, the Chernobyl disaster, the Fukushima accident. These disasters put forward higher requirements of nuclear safety. In order to avoid similar accidents, we have to strengthen early-warning and emergency management. The third generation Nuclear Power Plant (NPP) improved safety by monitoring the leakage before break (LBB).
Fission products and radionuclides will be released and transported to the containment mainly in the form of aerosol particles when nuclear accident happened. To ensure the accuracy and reliability of LBB monitoring, it is very necessary to learn the mechanism of radioaerosol transportation and deposition in the containment. In engineering, the details of aerosol transportation and loss are neglected, the distribution of radioaerosols are assumed to be uniform in containment and the assessment is conservative.
In fact, the temperature gradient near the leakage position is large, and there are a lot of walls in the containment. The above two conditions lead to a complicated thermodynamic circumstance which causes the deposition loss of aerosols. And deposition on the wall can alter the amount of radioaerosols that transported to the containment and has an effect on the source term [1] . It is of great significance to take consideration of the effect of thermophoresis while studying the mechanism of deposition.
Thermophoresis is the physical phenomenon in which a temperature gradient in a gas causes suspended particles to migrate in the direction of decreasing temperature [1] . Up until now, various experimental and numerical investigations in thermophoresis have been conducted. The fundamental research on thermophoresis has been considered by several authors including Brock [3, 4] (1962,1967)(<0.01 µm), Derjaguin,B.V [5] (1965),Byers [6] (1969) (0.3-1.3 µm),Talbot [7] (1980),Romay [2] (1998)(0.1-0.7 µm), Tsai and Lin [8] (2003) (0.1,0.5 µm), Sagot [9] (2009) (0.039-5.13 µm), Healy,D.P [10] .(2010) and Guha [11] (2014) (0.001-5 µm) et al. The research on thermophoresis has focused on sub-micron particles that transported in several particular geometries, e.g. cylindrical pipes, flat or parallel plates. Thakurta D.G. [12] (1998) presented results for the deposition efficiency of small particles (0.55-1.66 µm) on the walls of a turbulent channel flow by DNS. But for particles with the diameter of 1-20 µm, there are few available theoretical and experimental data on thermophoretic deposition. Moreover, it is reported that there are significant discrepancy in thermophoretic deposition efficiency between theory and experiment [13] . Recent research on transportation and deposition of radioaerosol neglected the effect of thermophoresis. When there exists a coolant leakage in the primary loop, the coolant with high temperature and high pressure leak into the containment and lead to a large temperature gradient. After that, the coolant evaporates immediately, but the radionuclide that in the form of radioaerosol still remains in the containment. The large temperature gradient force the hot radioaerosol and water vapor to migrate toward the cold wall. Therefore, the effect of thermophoresis should be taken into consideration.
In this paper, direct numerical simulation of micron-sized particle is made to study the mechanism of transportation and deposition in rectangle channel while considering the effect of thermophoresis which focus on particles ranging from 1-20 µm. Dynamic model of particle is established in this paper and solved coupling with the governing equation of air flow. The result shows that the efficiencies of thermophoretic deposition at one second after releasing are all around 10% for different size of particles, which means that thermophoresis shouldn't be ignored while studying the transportation of radioaerosol. Results agree well with the experimental data in literatures.
DNS Procedure
Direct numerical simulation is used in this paper to study the turbulent transportation and thermophoretic deposition of particles in a rectangle channel whose geometry is illustrated in Figure. 1. The x, y and z in the Figure represent the streamwise, wall-normal and spanwise directions respectively and the corresponding velocity components are u, v and w. Periodic boundary conditions are imposed in both streamwise (x) and spanwise (z) directions, and the non-slip condition is adopted for both two walls in y direction. In this paper, -z is the direction of the gravitational acceleration g. The governing equations of the continuous fluid include the continuity, momentum and energy conservation equations, which are shown as follows. The continuous fluid in this paper is treated as ideal gas and obey the gas state equation,
(4) where P is pressure (Pa), M is molar mass (kg/mol) of air; R is ideal gas constant, 8.314 J/(mol·K).
In this paper, aerosol is treated as solid spherical particle with specific density and size. The force on one single particle included gravity (F G ), buoyancy (F B ), drag (F D ) and thermophoretic (F T ) force (N), particle rotation and collision are neglected. The Brownian diffusion is ignored because the size of particles is comparatively large. The particle's equations of motion take the following form:
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(10) The widely used thermophoretic force (shown in Eq. 8) on particles is established by Talbot [7] . Where C m , C s and C t are momentum exchange coefficient, thermal slip coefficient and temperature jump coefficient, and their values are 1.146, 1.147 and 2.2 respectively; ν is the kinematic viscosity (m 2 /s) of air; T 0 is the mean temperature (K) of the air that around the particle; T ∇ is the temperature gradient (K/m) in the air; k a and k p are heat conductivity coefficient (W/m·K) of air and particle respectively; λ is the mean free path (m) of gas molecular, determined by Eq. 11. Where k is Boltzmann constant, 1.3806505 10 2 2
The Reynolds number of the flow is defined by Eq. 12, where ρ ,U and µ are the average density, velocity in streamwise and dynamic viscosity respectively, L y is the distance (m) between two walls. , where y N is the total number of grids in y direction, j is the node number. Figure. 2 is the distributed profile of y in wall-normal direction. The computational algorithm is a fractional step method using the Adams-Bashforth scheme for the time advancement to ensure second-order accuracy with time spacing ∆t = 0.0001 s. In order to ensure the convergence of energy equation, semi-implicit Crank-Nicolson difference method is employed to discrete the equation. At the same time, in order to avoid a zigzag pressure field, staggered grids are employed in which pressure, temperature and properties of the continuous fluid are stored at the center of the cell while velocity components are located at the borders of the cell. Gauss-Seidel iterative algorithm is used to solve the matrix formed by 524288 Poisson's equations. Moreover, multi-grid technique is applied in the numerical computation to accelerate the iterative convergence.
In order to save the simulation time, the grids number is limited in the paper, so the Reynolds number and the number of particles can not be very big in DNS. 10000 aerosol particles transported in the channel with a constant temperature gradient is calculated here. The temperature of the hot wall (y = 0.1 m) is 473.15 K and the temperature of the cold wall(y = 0 m) is 303.15 K.
The physical properties such as density and viscosity can be calculated by solving the governing equations of air. Two densities of particles, 50 kg/m 3 and 1000 kg/m 3 are selected in the simulation. The heat conductivity coefficient of particle is 0.02 W/m•K. When the continuous fluid is fully developed, the particles start to be injected from the inlet plane where initial particles are distributed uniformly as shown in Figure. 3.
In this paper, the airflow and particle are one-way coupling, assuming that particle has no effect on the airflow. Since the particle concentration in the channel is sparse, assuming no particle-particle interaction can be applied. In addition, the particle is assumed to be trapped if it hits the wall.
Results and Discussion
In the simulation, the Reynolds number of continuous fluid is 5000, the diameters of particles range from 1-20 µm, the temperature gradient is 1700 K/m. Physical properties are determined by the local temperature and pressure of the fluid. After the release of particles, ten thousand time steps of simulation is continued on the base of the stable initial flow field. The deposition characteristics are obtained by statistical calculation. Figure 5 shows the particles of 1 µm distributed in the channel at 1 second after releasing. Due to the temperature gradient, heat convection leads to an asymmetric distribution of particles in yz plane. Near the hot wall, particles go upward following the airflow, at the same time particles go downward near the cold wall. As both the cold and hot wall are setting to nonslip boundary conditions, the velocity at the wall is zero, and the velocity in the center of the channel is larger and leads to a longer distance. During dispersing in the channel, particles will be absorbed to deposit when getting close to the wall. From these Figures, it is easy to find that small aerosols can follow the flow field well, thus aerosols have the same distribution of velocity with continuous fluid. The concentration distribution between the walls are non-uniform. Table 1 lists the drag force and thermophoretic force on particles (1 µm) in y-direction. Figure. 6 shows the average thermophoretic force in y-direction for different particle sizes. It shows that the thermophoretic force and drag force had the same order of magnitude with opposite direction, so thermophoretic force should not be ignored when there exists a temperature gradient. From Figure. 6, the blue and black lines that represent the force upon 5 µm sized particles with the density of 50 kg/m 3 and 1000 kg/m 3 respectively appear as one, it is indicated that the thermophoretic force is independent of the density of particle, only depends on the particle size. Thermophoretic force increases with particle size, and the direction is along the direction of decreasing temperature. Figure 7 is the total deposition on both hot and cold walls. It increases with the increasing of particle size. Figure. 8 shows the deposition on cold wall with solid lines and on hot wall with dotted lines. The deposition on cold wall is much larger than that on hot wall when particles are smaller than 10 µm, for example 90.6% on cold wall and 9.4% on hot wall, which indicates that thermophoretic deposition should not be ignored while small particles transport in a field with a large temperature gradient. Table 2 lists the deposition efficiency (η) on the cold and hot wall. We can see that the deposition efficiency on the cold and hot wall increases with particle size. What is interesting is the ratio of the deposition decreases with particle size, which indicates that thermophoresis has larger influence on smaller particles. The deposition on the hot and cold wall are almost equal when the diameter of particle is 20 µm. That means the turbulent and thermophoresis combined to affect the deposition.
The deposition efficiency on the cold wall (representing the thermophoretic deposition) is around 10% for different particle sizes, as shown in Figure. 8. As we have not conducted experiment yet, we choose the experimental data provided by Romay [2] to verify our DNS results. From Romay, the thermophoretic deposition efficiency is 10% for 0.1 µm and 8% for 0.482 µm when the mean temperature of airflow is 380 K (same with the setup of DNS). There are several theoretical expressions available in the literatures for predicting the thermophoretic deposition efficiencies in turbulent and laminar flows, as shown in Table 3 [2] . Although the expression predicted by Batchelor is demonstrated from laminar flows, they reasoned that their laminar flow expression could be applied to turbulent flows. Figure 9 shows thermophoretic deposition results for different particle sizes under the specific conditions that has been talked before by DNS and theoretical expressions. The properties of fluid and particle used in this calculation are estimated at an average temperature of airflow. In Figure. 9, it is found that the influence of the particle size and thermophoretic deposition efficiency is similar with each other, which indicates that thermophoretic deposition efficiency increases with the increasing of particle size. Since the range of particle size is different from others', the efficiency distributed from 8% to 21%. The DNS results agree well with Romay's expression. However, the deviation increases with the increasing of particle size. Actually, these expressions are derived for pipe flows and under an assumption that the concentration distribution on the cross-section is uniform. Whereas DNS results and experimental results [13] have shown that the particle concentration distribution on cross-section is non-uniform. For particles ranged from 1-20 µm and fluid with a large temperature gradient, it is of great significance to carry out experimental and theoretical investigations. 
Conclusions
In this paper, direct numerical simulation is performed aiming at the turbulence transportation and deposition of micron-sized radioaerosol particles in a rectangle channel. The characteristics of thermophoretic deposition are studied based on the Talbot's model. The conclusions are as follows. 1. Drag and thermophoretic forces are two leading forces that drive particles to diffuse in the channel. When the diameter of particle is 20 µm, the thermophoretic effect is weak resulting in equal deposition on both hot and cold walls.
2. Thermophoresis has larger influence on smaller particles. The deposition efficiency on the cold wall is almost 15 times more than that on the hot wall when d p is 1 µm. When the diameter of particle becomes large to 10 µm, the deposition difference decreases to about 10 times.
3. The deposition efficiency in the simulation is around 10% for different sizes on the cold wall. It is indicated that thermophoretic deposition should not be ignored especially for small particles transporting in a field with a large temperature gradient.
